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Impact of Chemical Reaction on Three-Dimensional Casson Nanofluid Flow over a
Rotating Surface with Prescribed Heat Flux, Viscous Dissipation, and Heat Source/Sink
Effects

V. Meenakshi, S. Renuka, P. Sreehari, Santoshi Misra and G. Sreedhar Sarma™

ABSTRACT: This work explores the heat transfer behavior and three-dimensional flow of a Casson nanofluid
over a continuously stretching flat surface within a rotating reference frame, accounting for the effects of
chemical reaction and thermal source or sink. The analysis is based on the Buongiorno nanofluid model,
incorporating viscous dissipation and a constant heat flux condition at the surface. To handle the complexity of
the nonlinear partial differential equations, the study employs the non-Newtonian Casson fluid model alongside
the boundary layer approximation. The governing equations are transformed into a dimensionless form and
solved numerically using the shooting technique combined with the Adam’s Moulton method, programmed in
Fortran. A comprehensive parametric study is carried out to investigate the impacts of various dimensionless
parameters on velocity profiles, temperature distribution, concentration fields, and engineering quantities
such as the Nusselt number, skin friction, and Sherwood number. The results demonstrate strong agreement
with previously published studies under specific limiting cases. The findings of this research have significant
applications in various engineering and industrial fields. Specifically, they are crucial for designing advanced
cooling systems for high-temperature rotating machinery, such as gas turbines and rotating heat exchangers
used in aerospace and power generation industries. The inclusion of chemical reaction effects, heat source/sink
mechanisms, and non-Newtonian fluid behavior makes this study relevant to enhanced cooling technologies
for rotating electrical machines, nuclear reactors, and energy storage systems. Moreover, the results can be
utilized in biomedical applications involving nanofluid transport in rotating systems, such as targeted drug
delivery devices and blood flow modelling in rotating biological environments.
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1. Introduction

The study of non-Newtonian fluids has gained significant attention in recent years due to their
widespread applications in industries such as bioengineering, polymer processing, food production, and
ink manufacturing. One of the most prominent non-Newtonian models is the Casson fluid, initially pro-
posed by Casson [1] to describe the flow behavior of pigment-oil suspensions in printing inks. The Casson
model accounts for yield stress behavior, making it highly suitable for complex fluids.

The concept of enhancing the thermal conductivity of base fluids by suspending nanoparticles was
pioneered by Choi and Eastman [2], leading to the development of nanofluids, which show superior ther-
mal properties compared to conventional fluids. This innovation has opened new avenues for improving
heat transfer in various engineering systems.

Research on Casson fluids has expanded to include heat and mass transfer phenomena under diverse
physical effects. Ramesh and Devakar [3] studied Casson fluid flow over an exponentially stretching
surface considering viscous dissipation and Joule heating, revealing significant impacts on thermal profiles.
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Furthermore, Khan and Pop [4] introduced boundary layer flow analysis of nanofluids over stretching
sheets, underscoring the importance of nanoparticle dynamics in thermal systems. Studies like Makinde
[5] and Das and Arifuzzaman [6] incorporated convective boundary conditions, chemical reactions, and
non-linear thermal effects in Casson nanofluid models.

Heat transfer mechanisms in Casson fluid flows have been further investigated by Bhattacharyya [7],
focusing on viscous dissipation and internal heat generation. More recent studies by Al-Kouz and Owhaib
[8] and Saeed et al. [9] considered three-dimensional (3D) Casson nanofluid flows over rotating frames
and inclined rotating disks, especially under the influence of heat generation/absorption and thermal
radiation. These works emphasized the combined effect of rotation, nanoparticle suspension, and non-
linear heat sources/sinks.

The analysis of Casson-Carreau hybrid models by Naga Santoshi et al. [10] and rotating nanofluid
flows by Owhaib et al. [11] has further highlighted the influence of magnetic fields, radiation, and
viscous heating. Ramzan et al. [12] explored dusty Casson nanofluid dynamics under variable heat
sources/sinks, while Sreedhar Sarma et al. [13] and Ramanjana Koka et al. [14] studied the combined
effects of magnetohydrodynamics (MHD) and radiation on chemically reactive nanofluid flows.

Moreover, Sharanayya and Biradar [15] and Reddy et al. [16] investigated chemical reactions and
porous media effects, revealing intricate thermal and solutal interactions. Contributions by Sreedhar et
al. [17] and Rasekh et al. [18] emphasized non-uniform heat sources and three-dimensional effects on
Casson nanofluid flows. Raju et al. [19] and Prabhakar et al. [20] integrated second-order slip conditions
and thermal slip to enhance modelling accuracy.

Recent studies like Sreedhar Sarma et al. [21], Ahmed et al. [22], and Manvi et al. [23] focused
on unsteady three-dimensional Casson fluid dynamics with heat source/sink phenomena. Waheed et al.
[24] presented unsteady MHD squeezing flow with thermal radiation and porous media effects, further
broadening the understanding of complex Casson nanofluid behaviors.

Investigations by Reddy et al. [25], Sarma et al. [26], and Durgaprasad et al. [27] demonstrated
that the interplay between thermal radiation, chemical reaction, porous media, and nanofluid properties
significantly affects the momentum and thermal boundary layers. Additionally, Shehzad et al. [28]
addressed three-dimensional MHD Casson fluid flows through porous media, revealing crucial insights
into heat generation and nanoparticle behavior.

Motivated by these advancements, this study explores the three-dimensional Casson nanofluid flow
over a rotating frame under prescribed heat flux, incorporating viscous heating, chemical reaction, and
non-uniform heat source/sink effects. By employing a comprehensive mathematical model that captures
the essential physical effects, this work aims to extend the understanding of Casson nanofluid flows in
complex thermal environments, relevant to industrial processes involving rotating machinery, chemical
reactors, and energy systems
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2. Mathematical formulation
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Figure 1: Flow diagram

This paper investigates the laminar, steady-state, three-directional flow of an extended non-Newtonian
Casson nanofluid surface across a rotating frame. At the boundary, the nano liquid’s surface is subjected
to a constant surface heat flux. The Cartesian coordinate framework aligns with the zy-plane and
considers the fluid region at z > 0. The incompressible Casson nano liquid spins uniformly at a rate w
about the z-axis. Figure 1 depicts a schematic depiction of the problem being investigated.

Using Prandtl’s boundary layer technique, the current problem under consideration governing equa-

tions are defined as follows [8].
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where B-nondimensional Casson fluid parameter, u, v, and w are velocities along z,y and z- directions,
v = £ is the kinematic viscosity, u- dynamic viscosity, p- density, T- temperature, C- nanoparticle
K

concentration, a = e is the thermal diffusivity, x- thermal conductivity, pCy- specific heat of the

Casson fluid, (pCp)np— specific heat of the nanoparticles, Dp- coefficient of Brownian diffusion, Dp-
coefficient of thermos-migration diffusion and T,- ambient temperature.
The pertinent boundary conditions are

T
w=v=0, u=U, =az, —k;(?%):qw, C=C, at z=0,

v=0,u=0,T=Ty, C=Cx asz— 0 (2.6)
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Here a is stretching rate and q,, = (T, — Teo) ky/a/v - constant heat flux.
By considering

n=z/=% u=axf (), v=azg(n), w=—vraf (n),

T=Ty-Tx)0(n)+Tx, C=(Cuw—Cx)o(n)+Cux (2.7)
Equation (2.1) is fulfilled and the remaining Equations (2.2) - (2.6) produce

(1 + ;) P = ()7 + 2Rog = 0 (2.8)
(1 " ;) J'+ 19 —gf —2Rof =0 (2.9)
Lo / 1PV /2 1 11\2 72 _

P—To + f0' + Nb0'¢' + Nt ¢ +Ec(1+6)((f) +(g))+Q9—O (2.10)
1 Nt " / _

1) +m9 + Lef¢' — KrLep =0 (2.11)

Corresponding boundary conditions are

f=0,g=0, f=1,0=-1,¢p=1atn=0

=0, f=0,0=0 ¢=0asn— o (2.12)
where 7 -similarity variable, f, g, € and ¢ are dimensionless primary velocity, transverse velocity, tem-
perature, and nanoparticle concentration respectively, Pr = % the Prandtl number, Ry = ¢ the

14
Dp

(PCp) 1 DT (T

C T, ;T‘”) the Thermophoresis parame-
P oo

Rotation parameter, Le =

the Lewis number, Nt =

(PC) ppPB(Cw—Coo)
ter, Nb = oC v

Ec= m the Eckert number, Kr = % the Chemical reaction parameter and () = pQTOp the

the Brownian motion parameter,

Heat souce/sink parameter.
The following are the dimensionless expressions for Skin friction, Nusselt number, and Sherwood
number.

Re,'?Sf, = (1 + ;) f"(0), Re,'?Sf, = (1 + ;) g"(0),
Re,™"?Nuy = —0'(0),  Re,”/2Shy = ¢/ (0) (2.13)

where Re, = %;v)w is Reynolds number.

3. Methodology of Solution

Due to their coupled and nonlinear nature, the system of equations (2.8) - (2.11) and their boundary
conditions (2.12) cannot be solved analytically. Using the Adams-Bashforth Moulton method and the
Shooting approach, these nonlinear coupled ordinary differential equations are numerically solved. In
order to use this strategy, we first transform the higher-order ODE system into a first-order ODE system.
The following is a rewrite of equations (2.8) - (2.11):

/"= (lfﬂ) 1"+ () = 2Rog] (3.1)
g' = (15,@) [—fg' +gf" +2Rof'] (3.2)
6" — pr {f@/ — Nb'¢ — Nt ¢° — Ec (1 + ;) ((f”)2 + (g')2) - Qe} (3.3)
o = - Nlor _Lefd! + KrLeo (3.4)

Nb
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By using the following notations,
Let f:h'h f/:hQa f”:h37 g:h47 g/:h57 9:h67 9/:h7; ¢:h83¢12h9

hy = ha, h1(0)=0 (3.5)
hy = hs, hy(0)=1 (3.

hy = (H—Bﬂ) {—h1h3 + (ha)? - 2R0h4} , h3(0) = Hs (3.7)
hy = hs,hs (0) =0 (3.8)
b = (1 f z [—hihs 4+ hahs + 2Rohs],  hs (0) = Hs (39)
he = hz, he(0) = Hg (3.10)

hiy = hg, hs(0)=1 (3.12)
Nt
hly = —mh’7 — Lefhg 4+ KrLehs, ho (0) = Hy (3.13)

Where Hs, Hs, Hg, Hg are the initial guesses. To solve the system of above first order ordinary differential
equations, the unbounded domain [0, oo] is restricted to a bounded domain [0, 7] for some suitable choice
of 7. In the modelled problem, Hs, Hs, Hg, Hg are initial guesses which are required to solve the above
first order system of ODEs with the Adams-Bashforth Moulton method. The shooting method requires
some initial guesses for Hs, Hs, Hg, Hy. The initial guesses are updated by the Newton’s method until
a solution of the problem which approximately meets the given boundary conditions at the right end of
the domain.
The missing initial conditions Hs, Hs, Hg, Hg are to be chosen such that

To start the iterative process, choose Hs = Hj,,Hs = Hs,,Hs = Hg,, Hy = Hy,. To the values of
Hs, Hs, Hg, Hy Newton’s iterative scheme has been applied.
d* =e* —J g, where

(n+1) (n) Ohs Ohs Ohs Ohs (’I’LJrl)
Hs Hs Heg Hg
Hj Hj oHs 0 ) 2 hs
H (n+1) H (n) Ohs Ohs Ohs Ohs h (’n,—‘rl)
d* = 5 e* = 5 J= OHs; OHs5 O0Hg OHy _ 5
= H6(n+1) € = HG(n) yJ = Ohg  Ohg  Ohg Ohs |19 = h6(n+1)
9H; ©Hs ©He OHo
H (ﬂ+1) H (n) Ohg Ohg Ohg Ohg h (’n,Jrl)
9 9 dH; OHs 0Hg 0OHg 9

The convergence conditions are set so that subsequent values agree up to three significant digits. The
decision of n = 10 was sufficient for the final conditions.

4. Interpretations of Results

The system of nonlinear differential equations (2.8)-(2.11) with boundary conditions (2.12) was solved
numerically by combining the shooting approach with Adam’s Moulton method. The Fortran language
was used to perform the calculations. Various physical parameters are calculated numerically for a range
of values, including the following: the rotation parameter, the Brownian motion parameter, the Lewis
number, the Casson parameter, the chemical reaction parameter, the heat source or sink parameter, the
thermophoresis parameter, the Eckert number, the Prandtl number, the Skin friction coefficients at the
plate, the Sherwood number, and the Nusselt number.
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Code Validation:

To ensure the accuracy of the numerical scheme employed, the computed values of —6’(0) were com-
pared with those reported in Khan and Pop [4] and Wael Al-Kouz and Wahib Owhaib [8] as shown in
Table 1, demonstrating very good agreement.

Table 1: Comparison of —0' (0) for Nb=Nt=Q=Kr=¢ =0

P,; | Khan and Pop [4] | Wael Al-Kouz and Wahib Owhaib [8] | Present Result
0.07 0.0663 0.06562 0.064998521
0.2 0.1691 0.16909 0.168598124
0.7 0.4539 0.45392 0.449844132
2 0.9113 0.91136 0.911266321
7 1.8954 1.89542 1.895434387

Table 2 displays the values of skin friction along x,y directions and Sherwood number for various
non-dimensional parameters. It is observed that an increase in the Rotation parameter Ry results in
reduced axial skin friction and increased transverse skin friction due to Coriolis effects. The Sherwood
number increases significantly with increasing Kr, indicating more efficient mass transfer. The Sherwood
number Rex_%S h. increases with increase of Ee¢, @, Nt, Nb and decreases with the increase of Prandtl
number, Casson parameter and Rotation parameter.

Table 2: Results of the Re, 38 f.x, Reg 38 ¢y and Re;™ 38 h.for various parameters

PrlEc|] B8] Q | Ry | Le | Nt | No | Kr| Re,2S;, | Re,2Ss, | Re, 2Sh,
05[02]02] 0105 1 |05]05] 05| -3.02688 1 0.941704
0.6 -3.02688 1 0.922552
0.7 -3.02688 1 0.909939
1 [00[02]01 05| 1 |05] 05|05 ]| -3.30792 1 0.741355
0.1 -3.30792 1 0.846384
0.2 -3.30792 1 0.951874

1 [02]01]01 05| T |05]05] 05 | -428822 1 0.953252
0.2 -2.85946 1 0.891877

0.3 -2.3301 1 0.871528

1 [02]02][-01[05| 1 |05]05] 05| -5.08797 1 1.93874
0.0 -5.08797 1 2.65612

0.1 -5.08797 1 4.39941

1 [02]02]01 [01] T |05]05] 05| -3.82328 0.2 4.75245
0.2 -3.82585 0.4 197775

0.3 -3.83015 0.60 1.49712

1 [02]02]01 050105 05] 05| -3.02688 1 -0.267021
0.2 -3.02688 1 -0.0684199

0.3 -3.02688 1 0.102875

1 [02]02]01 05[] 1 [01]05]05] -3.30792 1 0.970053
0.2 -3.30792 1 0.971548

0.3 -3.30792 1 0.969558

1 [02]02]01 05| T |05]05] 05| -3.30792 1 0.951874
0.7 -3.30792 1 1.029

0.9 -3.30792 1 1.07726

1 [02]02]01 05[] 1T [05]05] 05| -3.02688 1 0.89721
0.7 | -3.02688 1 1.0937

0.9 | -3.02688 1 1.26756
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The impact of several non-dimensional parameters on temperature, concentration, and velocity profiles
is shown in the following graphs.
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Figure 2: Change in f’ with varying
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Figure 3: Change in g with varying g
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Figure 4: Change in 6 with varying g
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Figure 5: Change in ¢ with varying g

Figure 6: Change in f’ with varying Ry
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Figure 7: Change in g with varying Ry
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Figure 8: Change in # with varying Ry
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Figure 9: Change in ¢ with varying Ry
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Figure 10: Change in 6 with varying Pr

oz

Figure 11: Change in ¢ with varying Pr
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Figure 13: Change in ¢ with varying Ec

Figure 14: Change in 6 with varying Nt
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Figure 17: Change in ¢ with varying Nb
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Figure 20: Change in 6 with varying Kr
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Figure 21: Change in ¢ with varying Kr
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Figure 23: Change in ¢ with varying @
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Casson Parameter:

The axial velocity profile f’ in Figure 2 exhibits a decreasing tendency when 8 is low and gradually
increases when 3 increases since the fluid transitions towards Newtonian behaviour, reducing resistance
to flow and increasing the primary velocity in the z-direction. When g is lower, the transverse velocity
decreases and increasing behaviour is observed for larger 8 in Figure 3 since it reduces the yield stress
influence, promoting stronger transverse flow induced by the rotating surface. As shown in Figures 4 and
5, the thickness of the thermal boundary layer is diminished as 8 becomes greater and reverse trend is
observed in nanoparticle concentration.

Rotation Parameter:

Figures 6, 7, 8 and 9 demonstrate the effects of Rotation parameter Ry on dimensionless velocities
f', g, temperature 6 and nanoparticle concentration ¢. The ratio of the angular velocity rate to the
elongating velocity rate is known as a rotation parameter. As it is noticed in Figures 6 and 7, higher
values of the Rotation parameter correspond to a smaller elongating velocity rate, that is, the Coriolis
forces become stronger, creating a rotational effect that reduces the velocity component. Consequently,
the magnitude of velocities is decreased by rising values of Ry. Figures 8 and 9 show that the temperature
and nanoparticle concentration increase with the increase of Rotation parameter. Rotational motion raises
viscous dissipation, thereby increasing fluid temperature and thickening the thermal boundary layer and
it also suppress convective mass transport by thickening the concentration boundary layer.

Prandt]l number:

The effect of Prandtl number is illustrated in Figures 10 and 11. Higher Pr implies lower thermal
diffusivity, causing a steeper temperature gradient and thinner thermal boundary layer. Thus, 6(n)
decreases with increasing Pr. As Pr grows from Figure 11, the nano particle concentration ¢(n) rises
close to the plate and falls distant from it due to less thermophoretic motion of nanoparticles.

Eckert number:

Ec represents viscous dissipation. As Fc¢ increases, more thermal energy is generated within the fluid,
raising the fluid temperature. The thermal boundary layer thickens in Figure 12. It is observed from
Figure 13 that, thermophoretic forces becomes stronger, hence nanoparticles move more vigorously away
from the hot surface. This increases the concentration in the fluid region.

Thermophoresis parameter:

The impact of Nt is illustrated in Figures 14 and 15. Higher Nt increases thermal transport from the
wall region, thickening the thermal boundary layer and raising 0(n). When thermophoresis parameter
rises, it increases nanoparticle migration from hot to cold regions, generally increasing in concentration
is observed. This phenomenon is widely used in particle separation, semiconductor processing, and
environmental control.

Brownian motion parameter:

Larger Nb enhances nanoparticle motion and energy transfer, increasing the temperature is shown
in Figure 16. From Figure 17, it is observed that, increased Nb elevates mass diffusion of nanoparticles,
decreasing the concentration profile due to more rapid dispersion. Brownian motion plays a critical role
in diffusion-based processes, affecting nanoparticle transport and stability such as pharmaceutical drug
delivery and biomedicine, air filtration and aerosol transport.

Lewis number:

The influence of Le is depicted in Figures 18 and 19. Increasing the Lewis number suppresses the mass
diffusion of nanoparticles, reducing the thermophoretic and Brownian heating effects. Consequently, the
fluid temperature profile decreases, and the thermal boundary layer becomes thinner at higher Le values.
The concentration profiles are also diminished due to slower mass diffusion relative to thermal diffusion.
Chemical reaction Parameter:

Figures 20 and 21 show the effect of the chemical reaction parameter Kr. Larger Kr enhances species
consumption due to chemical reaction, reducing concentration and thinning the solutal boundary layer
from Figure 21. The enhanced temperature profiles are noticed in Figure 20 as the chemical reaction
parameter grows.

Heat Source/ Sink Parameter:

The impact of the heat source or sink parameter is drawn in Figures 22 to 23. It is observed from

Figure 22 that, a positive @Q(source) increases the internal heating, elevating the temperature, while a
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negative Q(sink) reduces it. A rise in concentration profiles is seen in Figure 23 as the heat source or
sink parameter increases.

5. Conclusions

A comprehensive analysis has been carried out to investigate the influence of various physical param-
eters on the three-dimensional Casson nanofluid flow over a rotating surface, considering prescribed heat
flux, viscous dissipation, chemical reaction, and heat source/sink effects. The governing nonlinear differ-
ential equations were solved numerically, and the results were interpreted through variations in velocity,
temperature, and concentration distributions. The key findings are summarized as follows:

1. An increase in Ry enhances Coriolis effects, reducing both velocity components. However, it raises
both temperature and concentration profiles by strengthening viscous dissipation and suppressing
convective mass transport, resulting in thicker thermal and concentration boundary layers.

2. A decrease in 8 intensifies the non-Newtonian effects, reducing both axial and transverse veloci-
ties. Higher 5 (weaker Casson effect) promotes flow and reduces viscous resistance. The thermal
boundary layer thickness decreases with [, while the nanoparticle concentration increases due to
weakened internal shear and temperature gradients.

3. Viscous dissipation effects increase with higher Ec , causing a rise in fluid temperature and thicken-
ing the thermal boundary layer. The resulting stronger thermophoretic forces also increase nanopar-
ticle concentration in the bulk fluid.

4. Stronger chemical reactions (higher Kr) intensify species depletion, decreasing the concentration
and thinning the solutal boundary layer. Temperature profiles show an increasing trend with Kr
due to enhanced reaction-induced thermal effects.

5. Temperature and concentration profiles climb when the Heat source or sink parameter rises.

6. As the thermophoresis parameter increased, the temperature and concentration profiles improved.

7. The Sherwood number increases significantly with increasing Kr, indicating more efficient mass
transfer.

These insights are valuable for optimizing heat and mass transfer in rotating systems, nanofluid-based
technologies, and industrial applications such as cooling systems, polymer processing, and chemical reac-
tors. Future extensions of this work with other geometry and physical conditions are possible. This study
may be extended to multi-phase flows, where the interaction between different phases can significantly
affect the heat and mass transfer characteristics.
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Nomenclature
u, v, w - Velocity components in x, y and z directions | k -Thermal conductivity
T - Temperature of the fluid 0* - Stephen Boltzmann coefficient
a - Thermal diffusivity k* - Mean absorption constant
1 - dimensionless similarity variable a* - Rosseland mean absorption coefficient
T, - Fluid temperature at the surface w - Rotational velocity
a - Stretching rate FEc Eckert number
Two - Fluid temperature at infinity () - Heat source or sink parameter
f - Dimensionless axial velocity Nu - Nusselt number
g - Dimensionless transverse velocity Sh - Sherwood number
# - dimensionless fluid temperature Pr - Prandtl number
¢ - Dimensionless nanoparticle concentration Le - Lewis number
1 - Dynamic viscosity of the fluid Kr - Chemical reaction parameter
p - Density of the fluid Dp - Brownian diffusion coefficient
Gw - Constant heat flux C)p - Specific heat
[ - Casson fluid parameter pC,, - Casson fluid heat capacity
Re - Reynolds number (pC’p)np - Nanoparticles heat capacity
C - Nano particle concentration C,, - Plate nanoparticles concentration
v - Kinematic viscosity Nt - Thermophoresis parameter
Ry - Rotation parameter Nb - Brownian motion parameter
Dy - Thermo-migration diffusion coefficient
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